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| INTRODUCTION
A large proportion of the agents of emergent infectious disease have a zoonotic origin. These zoonotic pathogens fall into a wide spectrum of genera, but due to their high genetic variability and wide circulation, RNA viruses arguably pose the most significant threat to human health. Further, due to the close proximity between animals and humans in low-and middle-income countries, human populations in these locations are disproportionally at risk of exposure from these viral pathogens (Paterson et al., 2014) . Although animal viruses with zoonotic potential have likely been circulating continually, a high number of zoonotic RNA viruses have been discovered in recent years. This phenomenon is not only dependent on more thorough and enhanced detection methods but is also likely associated with the changing behaviour of human populations and the closer proximity between humans and the animals that act as reservoirs for these viruses (Calisher, Childs, Field, Holmes, & Schountz, 2006; Moratelli & Calisher, 2015; Sasaki et al., 2012; Wong, Lau, Woo, & Yuen, 2007) .
Multiple studies have implicated bats to be the most likely reservoir of numerous zoonotic viruses (Calisher et al., 2006; Moratelli & Calisher, 2015; Wong et al., 2007) , and there are a range of contributing factors that may make so-called "spillover" events, in which humans or other animals are infected, more probable. Many bat species, including the insectivorous Scotophilus kuhlii present across South and South-East Asia (Bates et al., 2016) , live in large groups with a range of social behaviours involving close and prolonged contact with others in the roost; this activity may facilitate the horizontal transmission of viruses between roost members. In addition, some bat species have a long life span (up to 35 years) and are able to travel long distances (e.g., Eidolon helvum can migrate >4,500 km), thus increasing the likelihood of exposure to infectious agents (Drexler, Corman, & Drosten, 2014; Escaffre, Borisevich, & Rockx, 2013; Plowright et al., 2015) . The modification and destruction of natural habitats increase the likelihood of contact between bats and humans, thus providing new opportunities for interspecies viral exchange.
Bats are a known reservoir for rabies virus (Escobar et al., 2015; Jakava-Viljanen et al., 2015; Moratelli & Calisher, 2015; Rocha, de Oliveira, Heinemann, & Gonçalves, 2015) , and have recently been associated with other viral pathogens with a severe infection phenotype in humans. Notoriously, Nipah and Menangle viruses, both paramyxoviruses, have caused outbreaks in humans, horses and pigs in Australia, Cambodia, Malaysia, Bangladesh and India (Escaffre et al., 2013; Kulkarni, Tosh, Venkatesh, & Senthil, 2013) . Furthermore, SARS coronavirus (SARS-CoV) has been identified in Chinese bats, and it has been shown that the SARS-CoV genome sequence generated from humans and civets during the 2002-2003 outbreak in China phylogenetically clustered within the bat associated group of SARS-CoV-like viruses (Calisher et al., 2006; Drexler et al., 2014; Moratelli & Calisher, 2015; Wong et al., 2007) . Filoviruses, including Ebola and Marburg viruses, also pose a significant threat to human health, and despite human outbreaks being rare and sporadic, they are associated with a high case fatality rate (Hoffmann et al., 2013; Jayme et al., 2015; Kgaladi et al., 2013; Plowright et al., 2015) .
Viet Nam is a middle-income country in South-East Asia. Bats are common in Viet Nam and may pose a threat from the circulation of zoonotic RNA viruses. Further, in parts of the country, rats are commonly trapped in the rice fields and sold live for consumption; 3,300-3,600 tonnes are sold nationally annually (Van Cuong et al., 2015) .
Rats and other rodents are also recognized as a reservoir of zoonotic viruses that can be transmitted via close contact with saliva, urine or faeces; the circulation of hantavirus has been reported in rats in Viet Nam (Van Cuong et al., 2015) . As South-East Asia is a hot spot for zoonotic viruses, the WT-VIZIONS (Wellcome Trust-Vietnamese Initiative on Zoonotic Infections) project (Rabaa et al., 2015) is aiming to generate data on the circulation of viral zoonotic pathogens that pose a risk to human health. With bats suspected to be the main reservoir for more than 200 viral species, 248 bat samples from three different guano farms in the south of Viet Nam (Dong Thap Province) were screened for paramyxoviruses, coronaviruses and filoviruses to assess the potential risk to human health. In addition, 270 rodent faecal samples from the same province were screened for paramyxoviruses and coronaviruses.
| MATERIALS AND METHODS

| Bat samples
Insectivore bat colonies (S. kuhlii) rather than individual bats were targeted for screening; three bat guano farms were identified in three geographically distinct sampling locations in the south of Viet Nam.
These farms were selected because they were the only bat guano farms identified and consenting to participate in regular sampling within the catchment area for Dong Thap Provincial Hospital, a primary site of ongoing human sampling for the identification of zoonotic infections under the VIZIONS project (Rabaa et al., 2015) . The three sampling locations were visited every 12 weeks (one sampling event)
on six occasions between 2012 and 2014. The farms were visited in
Impacts
• Bats and rodents are known reservoirs of highly diverse viral and bacterial populations, and a number of these viruses have been implicated in the emergence of novel infectious diseases in humans.
• The close proximity of humans to bat and rodent populations in South-East Asia creates frequent opportunities for viral spillover and thus poses an unknown risk to human health.
• Viral surveillance in animal reservoirs is an important step to understanding the exposure of humans to potential zoonoses, the types of human-animal interaction that impact potential for spillover infection and the factors that determine the transmissibility and pathogenicity of viral zoonoses in humans. the afternoon; to catch urine and faeces, a ten-square metre section of plastic sheeting was placed under trees in which bats were roosting.
The urine and faecal samples were collected from the plastic sheeting using a sterile Pasteur pipette for the urine and a plastic scoop for the faeces. These samples were then placed in a graduated 2-ml tube (Sarstedt microtubes, Denmark) and transferred to the laboratory in Ho Chi Minh City for processing and/or storage at −80°C. At each sampling event, we aimed to collect 10-15 samples per farm.
Depending on the roosting density and activity of the bats, we estimated the plastic sheeting could hold urine and faeces for up to 200 individual bats.
| Rat samples
The rodent surveys and sampling were conducted as previously described by Van Cuong et al. (2015) . Briefly, rats were purchased from three markets in Dong Thap Province in the Mekong Delta (two rat markets in Cao Lanh City and one market in Tam 
| RNA extraction, PCR screening and sequencing
Total nucleic acid was extracted from the bat urine, bat faecal and rat faecal samples using an automated extracted system (MagNA Pure 96 System, Roche) with MagNA Pure 96 Viral RNA Small Volume Kits (Roche). Following extraction, nucleic acid samples were screened for target viruses using pan-family primers for paramyxoviruses, coronaviruses and filoviruses. The primer sequences of viral targets and the nested PCR conditions were as previously described (Heaton et al., 1997; Ogawa et al., 2011; Poon & Peiris, 2008; Tong, Chern, Li, Pallansch, & Anderson, 2008) . Positive controls were included for each run and provided by CSIRO Biosecurity Flagship & Australian Animal Health Laboratory, Geelong, Victoria, Australia. All PCR amplification-positive samples were subsequently characterized by Sanger sequencing using an ABI 3700 sequencer in both forward and reverse directions using the primers from the second round nested PCR of each target virus.
| Phylogenetic analysis
For both paramyxovirus and coronavirus, partial RdRp sequences were aligned with subsets of publicly available reference sequences, yielding an 84-sequence data set for paramyxoviruses (344 bp; sites 14210-14553 within the genome), a 153-sequence data set for alphacoronaviruses and a 93-sequence data set for betacoronaviruses (407 bp; sites 15149-15565 within the genome), using Seqotron (Fourment & Holmes, 2016) . Identical sequences and those with greater than 1% ambiguity or missing sequence data were subsequently removed from the alignments. jModelTest was run, and indicated the GTR+I+G model to be the best-fit model of nucleotide substitution for all three data sets (Posada, 2009) . Maximum-likelihood phylogenies were run using RAxML under the GTRGAMMAI model with 1,000 bootstrap replications for each dataset (Stamatakis, 2006) . Trees were visualized and annotated using FigTree (v1.4.2) . 
| RESULTS
3
| Screening of rat samples for coronavirus and paramyxovirus
Of the 270 rat faecal samples screened for coronaviruses and paramyxoviruses, 12 of 270 (4.4%) were positive for coronavirus RNA, while none of the samples had detectable paramyxovirus RNA. The cDNA amplicons were sequenced and all twelve positive samples produced sequences suitable for phylogenetic analysis. Notably, all coronavirus-positive faecal samples were obtained from rats of one species, R. argentiventer.
| Phylogenetic relationships among Vietnamese coronaviruses and paramyxoviruses from bats and rats
Fifteen RNA sequences obtained from the bat paramyxovirus RNApositive samples (4/248 faecal samples and 11/222 urine samples) (GenBank accession numbers from KX092148 to KX092159; Table S4) were aligned with 69 reference sequences from the conserved region the bat paramyxoviruses determined in this study represented borderline novel species, with maximum nucleotide identities ranging from 77.8% to 81.97% compared to publicly available sequences ( Table 1 ).
All of our sequences showed the highest identity to recently described viruses isolated from various bat species in sub-Saharan Africa.
Sequence data indicated that all bat coronaviruses characterized in this study were of the alphacoronavirus lineage, while all rat coronaviruses were of the betacoronavirus lineage. The alphacoronavirus sequences obtained from bat samples (n = 55; Table 2 and S5) and betacoronavirus sequences from rat samples (n = 12; Table 3 and S6) (GenBank accession numbers: KX092163-KX092228) were aligned with reference sequences (407 bp), identical sequences and lower quality sequences were removed, and ML trees were constructed.
Based on the 2009 ITCV classification, none of the coronaviruses detected in this study represented novel species (Tables 2 and 3 ).
Phylogenetic reconstruction indicated that bat alphacoronaviruses from Vietnam clustered with other bat viruses detected in China and the Philippines (Figure 2a) , and showed the highest amino acid identity to bat alphacoronaviruses described in China (Table 2 ). The betacoronaviruses detected in rats in this study clustered with reference samples originating from other mammal populations, with one of the two clusters found to be closely related to betacoronaviruses detected in rodent populations sampled in China (Figure 3 ). These sequences showed the highest identity to rat and mouse betacoronaviruses from China (Table 3) . Again, inference is somewhat limited by the length of these sequences and additional sequencing effort is needed to confirm these preliminary findings.
| DISCUSSION
Here, we sought to investigate the prevalence of paramyxovirus, coronavirus and filovirus in bat and rat populations in southern Viet Nam. For this study, we implemented a sampling and testing protocol that sought to maximize the likelihood of detection if the target viruses were present. Firstly, we collected pooled urine and faecal samples from three different bat guano farms in the south of Viet Nam, rather than catching and sampling individual animals, so each sample potentially represented multiple animals. Bats forage nocturnally and roost communally in trees during the day; during this period, they frequently urinate and defecate, allowing collection on plastic sheeting. This approach has been used successfully (Field et al., 2015) and has T A B L E 1 Maximum nucleotide and amino acid identities of Vietnamese bat paramyxovirus sequences relative to other known paramyxoviruses Nam. Recently, bats have been shown to harbour a great diversity of previously unknown paramyxoviruses, some of which have been associated with zoonotic events (Baker et al., 2013) . The interrelationship of these paramyxoviruses with bats highlights the complex role that bats play as a reservoir for these viruses. Despite our sampling framework being narrow, it was relatively thorough, as we screened 248 bat faecal samples and 222 bat urine samples. RNA from novel paramyxoviruses was detected by PCR and could be characterized by sequencing in approximately 2% of bat faecal samples and nearly 5% of bat urine samples. Our study and studies by others indicate that it is highly likely that there are more extant bat-derived paramyxoviruses yet to be characterized (Drexler et al., 2009 (Drexler et al., , 2012 Lau et al., 2010) . Using our sampling framework, we found that our ability to detect paramyxoviruses and coronaviruses was not associated with location or time of sample collection, and appeared to be both random and sporadic. Our findings indicate that the novel paramyxoviruses detected were not present in all bat colonies at the time of sampling, suggesting that the extent of carriage and/or excretion in any particular bat colony is likely to fluctuate over time. These data indicated that while infection in a bat colony is periodic and transient for paramyxoviruses, this may not be the case for coronaviruses. Therefore, from a zoonotic infection risk management perspective, it is prudent to assume that any bat colony could be infected at any time and that those working in proximity to the bat colonies should adopt exposure risk minimization strategies in case these viruses are capable of infecting humans. We additionally found that PCR amplification-positive samples from bats were associated with sample type; urine was more likely to be positive for paramyxoviruses while faecal material was more likely to generate positive amplification of coronaviruses. Importantly, the screening of these samples by PCR alone may underestimate the prevalence of these viruses in the sampled populations, as detection is limited by the specificity of primers and the quality of samples collected using indirect methods such as that used for the collection of bat samples.
Although none of the bat samples tested in this study indicate the presence of filoviruses, this does not provide conclusive evidence that these viruses are not circulating in Viet Nam. While fruit bats have been implicated as the primary reservoirs of filoviruses, a previous survey of multiple bat species in the Philippines confirmed Ebola
Reston virus infection in one insectivorous bat species (Miniopterus schreibersii) of 21 insectivorous and fruit-eating bat species sampled (Jayme et al., 2015; Leendertz, Gogarten, Düx, Calvignac-Spencer, & Leendertz, 2015) . The samples included in the current study were collected only from the insectivorous S. kuhlii, while at least 90 other chiropterans have also been identified in Viet Nam (http://www. iucnredlist.org/). Our sampling was further limited by the use of faecal and urine samples, which are unlikely to be optimum materials in which to detect filoviruses. Thus, a much larger and more comprehensive sampling of multiple bat species using more direct sampling methods would be necessary to detect and understand the potential circulation of filoviruses in the region.
In contrast to previous investigations (Woo et al., 2012) , paramyxovirus nucleic acid was not detected in any the rat faecal samples tested. A possible explanation as to why the rats tested were all negative for paramyxoviruses could be that the sample type (faeces) is not appropriate to detect the virus. This observation is supported by a previous study, where a novel rat paramyxovirus was detected only in the kidney and spleen of rats (Woo et al., 2012) .
Novel coronavirus RNA was detected by PCR amplification and characterized by sequencing in 4.4% of the rat faeces. The obtained rat coronavirus sequences were closely related to rat and murine betacoronavirus sequences from southern China that were found to be capable of infecting up to ten different rat species, including R. losea and R. tanezumi (Wang et al., 2015) . In our study, novel rat coronavirus strains were detected in a single rat species (R. argentiventer) . These data do not exclude the possibility that other rat species carry this coronavirus virus, particularly as our sampling was biased towards R. argentiventer (234/270).
Despite a lack of appropriate control measures for zoonotic viruses in Viet Nam, viral spillover from bats and/or rats has not, as yet, been observed, although these preliminary findings suggest that both coronaviruses and paramyxoviruses may be endemic in Vietnamese bat populations. While we are unable to comment on the pathogenic potential of these novel viruses in humans, it is likely that if such infections do arise, they are rare and go undiagnosed. Paramyxoviruses in particular are known to cause infections in humans, and the spillover of Hendra virus and Nipah virus from bats to horses or pigs, respectively, and subsequently to humans has been reported in Australia and Malaysia (Edson et al., 2015; Goldspink et al., 2015; Sherrini & Chong, 2014) . Laboratory investigations are being conducted to assess whether the coronaviruses and paramyxoviruses detected here are viable in cell culture in order to better predict whether these viruses have the potential to cause spillover infections in the human population and to improve genomic characterization of these viruses to allow for greater phylogenetic inference. Furthermore, our countrywide project is aiming to recruit hospitalized patients with common and uncommon disease phenotypes in order to determine whether such viruses cause previously undiagnosed infections in humans in Viet Nam (Rabaa et al., 2015) .
In conclusion, we have detected the presence of bat paramyxoviruses, bat coronaviruses and rodent-associated coronaviruses within a limited geographic area and time frame in Viet Nam. Consequently, we suggest that larger-scale surveillance is needed to fully understand the role played by rodents and bats in the evolution, emergence and dissemination of paramyxoviruses and coronaviruses in Viet Nam.
